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The properties of the mixed adsorption layers on a mercury electrode in 
the systems: 1 mol L” NaClO; — polyethyleneglycoles of a mean mo- 
lecular weight: 400 or 10000-N,N’dimethylthiourea were investigated. 
The systems were characterized by the measurements of differential ca- 
pacity, zero charge potential and surface tension at this potential. The data 
were analyzed to obtain the surface pressure and relative surface excess of 
N,N’-dimethylthiourea as a function of charge and bulk concentration of 
the studied compounds. The standard Gibbs energy of adsorption AG° and 
parameter B obtained from the virial isotherm were compared. In the 
range of more negative potentials, a mixed adsorption layer was found by 
investigating the kinetics of the reduction of Zn(II) ion as a pilot ion. 
Changes of the standard value of the constant rate k,’?? obtained by the 
cyclic voltammetric method in the range of four orders of size indicate 
great dynamics of the process. It was found that in the solutions contain- 
ing PEG 400 or PEG 10000 in the concentration corresponding to the 
same number of mers the adsorption properties are a function of both 
molecular mass and molecule structure. 


1. INTRODUCTION 


The adsorption of organic sulfur compounds has been widely investigated. 
Many of these compounds act as corrosion inhibitors. Due to strong adsorption 
across the entire surface of metal they may at the same time inhibit anodic and 
cathodic processes. The inhibitor develops a mono- or polymolecular coating 
whose attributes depend on the energy of its bonding as well as its density. 
Also some of the surfactants belong to the group of efficient corrosion inhibi- 
tors. The use of a mixture of corrosion inhibitors often improves their efficiency 
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resulting in synergistic effects, however, an antagonistic effect is also possi- 
ble [1]. 

Given the experimental data for adsorption of surface-active substances on 
different metals, it appears that the mechanism of creation of mixed adsorption 
layers on mercury will be a subject to similar rules. Obtaining insight into the 
laws governing the formation of mixed adsorption layers and their properties 
may constitute a further step on the way towards their more complete applica- 
tion. 

In this paper, the selection of organic substances is based on their inhibiting 
and accelerating effects on Zn(II) ions electroreduction. The paper presents the 
results of studies on coadsorption of polyethyleneglycoles of the mean molecu- 
lar weight: 400 (PEG 400) or 10000 (PEG 10000) as typical inhibitors of elec- 
trode processes [2] and N,N’-dimethylthiourea (DMTU) as the substance accel- 
erating Zn(II) ions electroreduction [3]. Polyethyleneglycols are nonionic sur- 
factants, readily soluble in water. This is a result of hydrogen bond formation 
between the ether atoms of oxygen PEG and water [4]. DMTU was chosen not 
only because of its accelerating activity on Zn(II) ions electroreduction but also 
of its characteristic adsorption properties on mercury due to the specific inter- 
action of DMTU sulfur atom with the mercury surface. 

The adsorption equilibrium within the area of the adsorption potential simi- 
lar to the potential of the zero charge (E,) was examined using the classical 
thermodynamic methodology: the adsorption parameters of the double layer 
were determined using the virial isotherm. The influence of mixed adsorption 
layers on the Zn(II) ions reduction kinetics constitutes a new, original research 
methodology which enables a description of the properties of adsorption layers 
at the potentials which are distant from E,, and by those taken close to the value 
of the corrosion potentials of non-precious metals. 


2. EXPERIMENTAL 


The study of adsorption relating to the formation of mixed adsorption layers 
was conducted in the following system: constant concentration PEG 
(10% mol L or 5-10* mol L”, and increasing concentration of DMTU from 
5-107 mol L"' to 0.05 mol L. The maximum concentration of DMTU results 
from its solubility in the studied systems. Additionally, the systems containing 
2.5-10° mol L PEG 400 were also used to show the effect of PEG 400 and 
PEG 10000 polymer structures on adsorption of DMTU and kinetics of Zn(II) 
ion reduction. The chosen concentration of PEG 400 corresponds to a number 
of mers -CH>-CH>-O- included in the solution 10* mol L PEG 10000. 

Polarographic measurements were carried out using the polarograph PA-4 
(Laboratorni Pristroje, Prague). Cyclic voltammetric experiments were carried 
employing Model 270 Electrochemical Analysis System (EG & G PARC), and 
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an IBM 486 PC computer equipped with a data translation interface. A static 
mercury drop electrode (SMDE) was used, produced either by PARC Model 
303 (EG & G PARC) or by Laboratorni Pristroje, Prague. 

The double layer capacity was measured at the frequency of 800 Hz using 
the 9121 FR Analyser and 9131 Electrochemical Interface with appropriate 
program (Atlas Sollich, Gdansk, Poland). A controlled — growth mercury drop 
electrode (CGME) MTM Poland was also used. As the reference electrode, 
Ag/AgCl with saturated NaCl was used. The reference electrode was connected 
to the electrolytic cell via an intermediate filled with the solution to be investi- 
gated. The counter electrode was a platinum wire. A few measurements were 
also carried out at 200 — 2000 Hz in order to check the frequency dependence of 
the results. In the potential range studied capacity was found to be frequency 
independent. This was thought to suggest that the experimental capacities are, in 
fact, equilibrium values. 

The potential of zero charge E, was measured using the streaming mercury 
electrode [5,6]. Interfacial tension at E, was measured by the maximum bubble 
pressure method after Schiffrin [7]. 

The approximate diffusion coeffcients of Zn(II) in the examined solutions 
were calculated from limiting currents using the Ilkovi¢ equation. The polaro- 
graphic wave of Zn(II) in 0.1 mol L” KNO; with the value of the Zn(II) diffu- 
sion coefficient D = 6.9-10° cm? s” [8] was used as a standard. The value of 
diffusion coefficient of zinc in mercury which is required for further calcula- 
tions was taken from the literature [9] as equal to 1.67:10° cm? s”. The formal 
potentials E°; of the reduction of Zn(II) were obtained from cyclic voltammetry 
with the reproducibility + 0.002 V. The apparent rate constants for the investi- 
gated systems were calculated from the cyclic voltammetry measurements by 
the method described by Nicholson and Shain [10] using the equations for irre- 
versible processes or by Nicholson’s method [11] for quasi — reversible proc- 
esses. 

The measurements were carried out in 1 mol L’ NaClO; solution of pH 5 at 
298+1K. The solutions were prepared from freshly twice distilled water and 
analytical grade chemicals (Merck) and deoxygenated by high purity nitrogen. 
This gas was passed over the solution during the measurements. Mercury was 
purified and twice distilled. 


3. RESULTS AND DISCUSSION 


Adsorption of DMTU. The adsorption of DMTU on the mercury electrode 
from the examined mixtures was investigated on the basis of the measurements 
of differential capacity. Figures 1-3 present C — E curves chosen for the base 
solutions and those containing DMTU at various concentrations. The differen- 
tial capacity curves obtained in 1 mol L” NaClO; with the addition of increas- 
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ing PEG amounts are characterized by a significant decrease of differential ca- 
-pacity towards the basic electrolyte typical of inhibitors. The potential range in 
which this decrease occurs is wide from 0.2 V to -1.5 V for 5-10 mol L” PEG 
400 but for PEG 10000 this range is even wider. 
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Figure 1. Differential capacity curves of Hg/ 1 mol L” NaClO, + 5-10* mol L” PEG 
400 for different contents of DMTU: (a) cpmru = 0 mol L”, (b) 5-104 mol L", 
(c) 1:10 mol L", (d) 5-10° mol L’, (e) 1-10? mol L", (f) 210°? mol L”, 
(g) 5-107 mol L” 


The differential capacity decrease is also greater for PEG 10000 than for 
PEG 400 and the increase of PEG 10000 concentration has an insignificant ef- 
fect on the differential capacity. Introduction of DMTU into the PEG solution 
always causes the increase of differential capacity. The area of potentials in 
which the increase takes place becomes wider with the increase of concentration 
of DMTU. At suitably higher concentrations of DMTU on the differential ca- 
pacity curves there appears a characteristic “hump” typical of adsorption of 
large surface active anions or a polar neutral substance. It should be emphasized 
that this “hump” is larger and sharper for PEG 10000 than PEG 400. According 
to Parsons [12], the appearance of characteristic capacity hump may be a conse- 
quence of the change of the interactions (especially electrostatic interactions) in 
the adsorbed layer. 
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Figure 2. Differential capacity curves of Hg/ 1 mol L NaClO; + 2.5-10° mol L” PEG 
400 for different contents of DMTU as indicated in Figure 1 


Table 1. Potential of the zero charge -E/V vs Ag/AgCl electrode for DMTU + PEG 
systems 


CDMTU CpeG 400/ mol L” 
[mol L] 10“ 5.104 25:10" 10° 5.107 
5 


| 1:10" | 0514 | 0445 | 0.403 | 0.456 | 0.381 _ 


Both adsorbable species: PEG and DMTU may interact with each other, leading 
to the formation of a more compact structure of the adsorbed layer. As all ob- 
tained curves C — E do not converge at sufficiently negative potentials with the 
corresponding curve for 1 mol L NaClO,, the capacity against potential data 
were numerically integrated from the point of E,. The integration constants are 
presented in Tables 1 and 2. Apart from the system 10* mol L PEG 400 + 
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DMTU the dependences: E, = f(log cpmru) do not have a linear course. The 
values E, and y presented in Tables 1 and 2 indicate stronger adsorption of 
DMTU in the studied systems compared with thiourea [13]. 


Table 2. Surface tension ¥/mN-m' for E,of DMTU + PEG systems 


CDMTU 
[mol L] 10° 5-107 2.5:10° 10° 5-107 
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Figure 3. Differential capacity curves of Hg/1 mol L? NaClO, + 5:10 mol L” PEG 
10000 for different contents of DMTU as indicated in Figure 1 
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The obtained results are a consequence of stronger adsorption of DMTU in 
1 mol L’ NaClO, compared with thiourea [14]. Stronger adsorption of DMTU 
molecules can be connected with the induction effect exerted by hydrophobic 
radicals —-CH; on the electron density of the =C=S bond causing a greater 
negative partial charge on the sulfur atom. This effect is indicated by a larger 
shift of E, values towards negative potentials by DMTU compared with thio- 
urea. The data analysis in Table 1 indicates that with the constant DMTU con- 
centration the concentration increase of PEG 10000 causes a larger shift of E, 
towards positive potentials as compared with PEG 400. The results suggest that 
either PEG compete with DMTU in adsorption on the mercury electrode or the 
coadsorbing PEG interact with the electrode through the adsorbed DMTU 
molecules, causing simultaneous partial tilting of DMTU dipoles. However, 
interaction of PEG 10000 with DMTU is stronger.The data obtained from the 
double integration of C — E plots were then used to calculate Parson’s auxiliary 
function & = y + GE and the surface pressure ® = AE = &° - € where €” is the 
mean value for base solution for the determined constant concentration of PEG 
without DMTU [15,16]. Figure 4 shows characteristic plots of ® vs In cpmru 
for the systems including selected constant concentrations 5.10 mol L” PEG 
400 or 5-10% mol L PEG 10000. 
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Figure 4. Surface pressure as a function of DMTU concentration in the bulk for solu- 
tions including: (a) 5- 10" mol L PEG 400, (b) 5-10 mol L PEG 10000, the electrode 
charges (Oy in 10° C-m”) indicated by each curve 


The positive values ® were gbtained for the studied systems most frequently in 
the range -2 < Oy $ + 8 uC - cm? , exceptionally for the solution containing 
5-104 mol L PEG 10000 this range is + 2 < Om < +8 UC: cm”. The adsorption 
of DMTU has been estimated according to the Gibbs adsorption equation by the 
differentiation of ® vs Inc curves. The relative surface excess of DMTU was 
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calculated from the following equation [17]: 


1 BL 
Praa 
a a im (1) 


where cpmru is the bulk concentration of DMTU. In writing equation (1), it is 
assumed that the mean activity coefficients of DMTU, PEG and NaClO; do not 
change with the change in DMTU concentration. The estimated error in these 
calculations is approximately 10 times greater than that in the capacity data, that 
is from +2% to+5%. 
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Figure 5. Relative surface excess of DMTU as a function of DMTU concentration at E, 
for systems including: (a) 0 mol L PEG, (b) 10% mol L” PEG 400, (c) 5-10 mol L” 
PEG 400, (d) 2.5-10* mol L" PEG 400, (e) 10% mol L” PEG 10000, (f) 5-10% mol L” 
PEG 10000 for oy = +0.02 C-m? 


The values I’ pmru at E, as a function of DMTU concentration in the bulk 
obtained for the investigated mixtures are shown in Figure 5. Exceptionally 
only for the solution containing 5-10* mol L PEG 10000 the dependence 
T” pmtu Vs log cpmtu refers to the electrode charge Gy = + 2 UC - cm”. As fol- 
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lows from the dependences presented in Figure 5 only in the solution containing 
5-10* mol L PEG 10000 (curve f) the surface concentration of DMTU is 
smaller than in the 1 mol L NaClO; solution not containing an inhibitor (curve 
a). In turn, in the solution containing 10* mol L“' PEG 400 the values I” pru 
are greater by about 0.8 - 10° mol L” than those obtained in the 1 mol L” 
NaClO; solution in the whole range of DMTU concentrations. The straight lines 
a and b showing these dependences have a parallel course. In the remaining 
systems (curves c, d, e) for the lowest concentrations of DMTU the values 
I’ pmru are a bit lower than in 1 mol L” NaClO; but at the concentration 0.05 
mol L” DMTU they exceed significantly the values I’ pmru for the solution not 
containing an inhibitor. 

The obtained results can be associated with the facilitated adsorption of DMTU 
molecules on mercury being a result of weaker hydration of the mercury surface 
in the presence of PEG adsorbed molecules. It is worth noting that the surface 
concentrations of DMTU in the presence of 10* mol dm? PEG 10000 are gen- 
erally higher than in the presence of 2.5-10° mol L PEG 400. Therefore the 
same number of mers of —CH2-CH>-O in the above mentioned solutions does 
not decide about the adsorption properties of PEG under consideration but their 
molecular structure does. According to Rösch [18,19] PEG molecules of mer 
number n < 11 posses a “zig-zag” structure, when n > 11 a meander structure is 
found. 

The saturation value I’, for DMTU was estimated by extrapolation of the lin- 
ear plot of 1/I’ pmru vs 1/cpmru to 1/cpmru = 0. The obtained values T, are in the 
range from 6.3-10° mol-m” (for 104 mol L PEG 400) to 10-10° mol m° (for 
5-10* mol L PEG 10000), thus much higher than the values T, obtained for 
DMTU by the bowl models assuming a compact packing which is 
5-10° mol-m* [14]. For this reason to characterize DMTU adsorption in the 
presence of PEG there was applied the virial isotherm 


In'+2BY =In fc (2) 


where c is the concentration of DMTU in the bulk, B is the adsorption coeffi- 
cient which is defined as exp(-AG°/RT), AG’ is the standard free energy of ad- 
sorption, B is the 2D second virial coefficient. 

Figure 6 shows the linear test of the virial isotherm for 5-10* mol L PEG. 
Values of the B coefficient were calculated from the slopes of lines in Figure 6 
and the corresponding AG’ values were obtained from the intercepts of these 
lines (using the standard state of 1 mol L' in the bulk solution and 1 molecule - 
cm” on the surface). The obtained values of the virial isotherm constants are 
presented in Table 3 and 4. 
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Figure 6. Linear test of the virial isotherm for (a) Imol L NaClO, + 5-104 mol L” PEG 
400, (b) Imol L’ NaClO, + 5-10% mol L” PEG 10000, the electrode charges (oy in 
10° C-m”) indicated by each line 


Table 3. Comparison of the virial isotherm constants for 1 mol L” NaClO, + DMTU 
systems in the absence and presence PEG 10000: AG°/kJ mol”, B/nm? molecule”! 


10°64 | 1 mol L” NaClO, 1 mol L NaClO; 1 mol L NaClO; 
[C-m?] +10 mol L' PEG 10000 | +5-10“mol L” PEG 10000 
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Table 4. Comparison of the virial isotherm constants for 1 mol L NaClO; + PEG 400 + 
DMTU systems: AG’/kJ mol’, B/nm’ molecule”! 
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As follows from the presented AG’ values the free energy of DMTU adsorp- 
tion is relatively the highest in the solution containing 10* mol L” PEG 400 and 


Description of the mixed polyethyleneglycoles... 227 


exceeds the values AG’ for DMTU obtained in the absence of the inhibitor. 
These results are in the agreement with the higher values of T’pwru (Figure 5) 
obtained in the solution containing 10* mol 1' PEG 400 compared with the 
solution 1 mol L’ NaClO; and can confirm more favourable conditions for 
DMTU adsorption connected with weaker hydration of the electrode surface. In 
the other systems including the inhibitor the values AG’ are generally lower 
than those obtained in the solution without the inhibitor which can be connected 
with the fact that in these systems weaker hydration of the electrode surface is 
accompanied by stronger adsorption of the molecules of the inhibitors used 
compared with adsorption of PEG 400 molecules in the system containing 
10* mol L” PEG 400. Generally in the studied systems the increase of electrode 
charge Oy is accompanied by the increase of AG’ value due to the fact that the 
dipole molecule of DMTU adsorbs on mercury with the negative pole that is 
with the sulfur atom. Stability of AG’ value or its slight changes occur in the 
systems containing a strong inhibitor in the form of PEG 10000. It follows from 
the comparison of the parameter B value that also its greates values occur in the 
10* mol L” PEG 400 solution. It can be stated that the change of PEG 400 con- 
centration affects decisively adsorption of DMTU but the change of PEG 10000 
concentration affects this process insignificantly. Comparison of the obtained 
values AG’ and B for the systems containing 2.5 -10° mol L” PEG 400 and 
10* mol L” PEG 10000 confirm the earlier statement that not only the size but 
also the structure of PEG molecule decide about adsorption of DMTU and the 
inhibitor. 


Kinetics of Zn(II) ion electroreduction. The earlier presented results of inves- 
tigations on DMTU adsorption in the presence of PEG concern some narrow 
ranges of electrode charges in which DMTU adsorption is strong. Studies on 
kinetics of reduction of Zn(II) ions as a pilot one allow to extend the area of 
electrode charge at which indirect description of adsorption mixed layer prop- 
erties is possible. Figure 7 presents the cyclic voltammetric curves obtained in 
the presence of 5-104 mol L PEG 400 and DMTU. In all the systems including 
PEG 400 or PEG 10000 the increase of the concentration of DMTU in the solu- 
tion causes the decrease in the difference of the cathodic and anodic peak po- 
tential: Æ, — E,. Thus for the solutions containing 10* mol L' PEG 400, 
5-10 mol L PEG 400, 2.5:10° mol L PEG 400 and 10% mol L PEG 10000 
the values of E; — E, decrease: from 0.293 V to 0.040 V, from 0.363 V to 
0.046 V, from 0.412 V to 0.055V and from 0.625 V to 0.421 V respectively (the 
scan rate was 0.020 Vs"). In the 1 mol L NaClO; solution not containing or- 
ganic substances the value Ex — E, is 0.066 V. The obtained results indicate that 
the increase of PEG 400 concentration causes the increase of the inhibiting ef- 
fect of Zn(II) ion on reduction. In case of PEG 10000 already at the concentra- 
tion of 10% mol L” the maximum inhibition of the process occurs that is a fur- 
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ther increase of PEG 10000 concentration does not affect kinetics of the studied 
process. 

Addition of DMTU into the solution containing PEG 400 eliminates its in- 
hibiting activity and even there is observed an increase of the process reversi- 
bility compared with the basic electrolyte not containing organic substances. 
However, in the solution containing PEG 10000 addition of DMTU removes the 
inhibiting effect of PEG 10000 only partially. The presented results are con- 
firmed by the obtained values E°; necessary to determine contants k,”” of Zn(II) 
ions reduction in the studied systems. Figure 8 presents a logarithimic depend- 
ence k,’”? of Zn(II) ions reduction on concentration of DMTU and PEG. Addi- 
tion of DMTU into the solution containing a defined concentration of the in- 
hibitor always causes acceleration of Zn(II) ion reduction. However, the size of 
this acceleration depends on PEG 400 concentration and practically does not 
depend on PEG 10000 concentration. 
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Figure 7. Cyclic voltammetric curves for Zn(II) / Zn (Hg) system at scan rate 
0.02 Vs" in Imol L NaClO, +5-10* mol L” PEG 400 (a) and with addition of DMTU 
10°mol L" (b), 5-107 mol L" (c) 


In the latter case the effect of inhibition suppression by DMTU is relatively 
the poorest. It follows from Figure 8 that only in the presence of 104 mol L” 
PEG 400 the dependence log k,”” = f(log cpmru) is presented by a straight line 
(curve b) almost parallel to be straight line presenting a suitable dependence in 
the 1 mol L” NaClO; solution not containing an inhibitor (curve a). For the 
other systems these dependences are not linear. In all solutions containing PEG 
400 there occurs compensation of the inhibiting effect of Zn(II) ions reduction 
caused by DMTU molecules. The value k,” = 3.31-10° cm s” corresponding to 
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the neutral influence of adsorbate being in equilibrium with the mixture of these 
substances in the solution of Zn(II) ions reduction can be achieved for the sys- 
tems containing 10* mol L", 5-10* mol L”, 2.5-10° mol L PEG 400 at the 
concentration ratio of DMTU: PEG 400 being: 250, 60 17 respectively. The 
decrease of this ratio can lead to the conclusion that with the increase of PEG 
400 concentration, the access of DMTU molecules to the electrode surface in- 
creases, which can be explained by a more ordered structure of PEG 400 adsor- 
bate layer. This fact can be confirmed also by an increase of dynamics of the 
accelerating process by DMTU in the presence of PEG compared with the 
1 mol L NaClO; solution. 
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Figure 8. Dependence of standard rate constants of the Zn(II)/Zn(Hg) system on DMTU 
concentration in 1 mol L` NaClO; for different contents of PEG: (a) cpg = 0 mol L"', 
(b) 104 mol L’ PEG 400, (c) 5:10 mol L PEG 400, (d) 2.5-10° mol L' PEG 400, 
(e) 10% mol L” PEG 10000. The dashed line denotes k,”” = 3.31 -10° cm s™ for the 
Zn(II) reduction in 1 mol L NaClO, 
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The inclination of the straight line (a) in Figure 8 presenting the dependence 
k” on concentration of DMTU in 1 mol L NaClO; is 0.92 but that of the 
straight line (b) for the solution containing 10* mol L” PEG 400 is 1.09. The 
inclination of rectilinear fragments of the curves (c) and (d) for the solution 
containing 5-10* mol L PEG 400 and 2.5-10° mol L’ PEG 400 are 1.68 and 
2.24 respectively. 

In the solution containing PEG 10000 and a maximum amount of DMTU the 
compensation effect of inhibition and acceleration of Zn(II) ions reduction does 
not occur. From the extrapolation of a rectilinear fragment of the curve (e) in 
Figure 8 there was determined a ratio of DMTU and PEG 10000 concentrations 
at which the compensation effect should take place which is about 700. The 
presented results confirm stronger adsorption of PEG 10000 compared with 
PEG 400. All the same dynamics of the accelerating process of Zn(II) ions re- 
duction by DMTU in the presence of PEG 10000 is also high because the incli- 
nation of the rectilinear fragment of the curve (e) is about 4.0. From the ob- 
tained results of studies on kinetics of reduction of the ion piloting the adsorp- 
tion equilibrium, it is possible to confirm existence of the mixed adsorption 
layer even at the potentials distant from the potential of strong adsorption of the 
studied organic substances at which classical thermodynamic methods fail. 
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